The use of a fuzzy logic controller for an active suspension system on a wheeled vehicle is investigated. Addressing the opposing goals of ride quality and bump stop avoidance are integrated into one control algorithm. Construction of the fuzzy rules base will be discussed comprehensively along with the membership function setup for both the input and output variables. Numerous quarter-car simulation comparisons will be performed of the fuzzy controller versus the standard skyhook damper controller. The comparisons will include a variety of terrain inputs. Laboratory testing of the fuzzy controller on a single wheel station system is also included.
INTRODUCTION
Vehicle active suspension systems have shown promise to solve the problem of the seemingly conflicting goals of good ride quality and good handling. Although viable actuators and control equipment are available [6, 16, 8] , control schemes for this problem are as varied as they are practical and useful [11] .
Standard control techniques (i.e. PD controllers, skyhook damper controllers) have returned reasonable results. Fuzzy logic based controllers have also achieved similar results to many optimized classical controllers [13] .
Vehicle active suspensions have performed well with fuzzy logic controllers (FLCs) due to their robustness and speed of operation. Self-tuning FLCs perform better than standard FLCs while standard FLCs often outperform classical controllers [19] .
Self-tuning controllers have dual FLCs. One controller performs the control functions while the other controller takes an error signal from the first and "tunes" control variables. Complicated control algorithms have also been developed that combine the FLCs with standard controllers. Sliding-mode controllers with an integrated FLC produce excellent results at the cost of computational intensity [1] . FLCs for active suspension systems generally have inputs of body velocity and acceleration [2] .
While issues of ride quality and handling have effectively been satisfied by many different control techniques with active suspension systems, few if any deal with the issue of suspension bump stop avoidance. Military and offroad vehicles would benefit from active suspension systems that controlled these three problems simultaneously.
Bump stop collisions become an important issue when a vehicle travels on terrain with an amplitude greater than the vehicle's suspension travel. Active suspension controllers without bump stop avoidance algorithms tend to collide with bump stops in harsh terrain conditions. These impacts degrade the overall ride quality of the vehicle. Active suspension systems have the ability to actively avoid bump stops while maintaining good ride quality.
This can be achieved by integrating a bump stop avoidance algorithm into the good ride quality controller.
Fuzzy logic controllers are ideal for this task. This paper details the work done to develop, simulate, and validate a fuzzy logic based controller for an active suspension vehicle. This controller must accomplish two functions; provide good ride quality and avoid suspension bump stops. While other controllers have attempted to perform these functions, they used superposition techniques (i.e. using separate controllers for ride quality and bump stop avoidance) [11] . The force commands from these controllers were summed to attain a final actuator command. Superposition techniques effectively make the differently controllers oppose each other at times when they attempt to accomplish conflicting goals. A fuzzy logic controller designed to accomplish both of these goals simultaneously can perform conflict resolution, which the superposition controller cannot. Therefore, the fuzzy logic controller developed in this thesis will attempt to return ride quality as good or better than the current technique while actively avoiding suspension bump stops.
Two separate fuzzy logic controllers were developed. The first is the standard controller that uses vehicle body vertical velocity to control ride quality and has integrated bump stop avoidance rules. The second fuzzy logic controller is a variant of the first. It subtracts a filtered vertical wheel velocity from the vertical body velocity to obtain a better ride quality control input. Otherwise the bump stop avoidance rules are the same. Development of the filtered wheel velocity will also be detailed.
For convenience, a HMMWV currently being tested at The Center for Electromechanics at the University of Texas (UT-CEM) with an active suspension system will be the basis of all modeling and simulation efforts. A standard quarter-car model will be used for both simulation and experimental testing.
QUARTER CAR MODEL
Previous simulations of control schemes at UT-CEM used only a quarter-car representation of the actual system [15] . Pitch and roll are not accounted for in this model. These elements tend to make the ride smoother. Therefore, a quarter-car model will return conservative results.
However this one-dimensional model has returned reasonable results [15] . Therefore it has been deemed a good test bed to simulate and test different control methods.
A quarter-car system models a four-wheeled vehicle using one fourth of the body's mass (assuming that the weight is evenly distributed) and one of the wheels as the dynamic model. Using the lumped parameter method, this produces a double spring-mass-damper system. A simple schematic of this model is shown below in Fig. 1 .
The force actuator is positioned on the suspension between the body and the wheel. Therefore whatever force is applied to the body results in an opposing force applied to the wheel. Although tests have shown that the suspension damping and spring coefficient on the HMMWV are both nonlinear functions, average constant values taken from experimental tests were used for this simulation. The wheel spring-damper system is a stiff system with a natural frequency of 14.5 Hz.
However the body suspension is not very rigid with a natural frequency of 0.8 Hz. The natural frequency of the body was designed to help passively absorb terrain shocks while retaining good handling and, for the benefit of this investigation, to allow large suspension motion so bump stop avoidance becomes a more significant issue.
Three frames of reference are required in this model. Each mass has one and the ground has one. The positive direction is up for all three frames. Two secondorder differential equations were derived from the quarter-car model. They are given below as 1 (body dynamic) and 2 (wheel dynamic).
where the model uses the constants defined in table 1. The "F" term in both equations is the actuator force. Force (F) is the control input to the system. Note that a positive force causes an upward acceleration on the body while causing a negative acceleration on the wheel.
One obvious assumption within this quarter-car model is its one-dimensionality. As the model is simulated over a hill, the body remains vertical. For moderate hill grades this error is neglected. Previous tests have demonstrated that this assumption is reasonable [15] .
Suspension travel restrictions are modeled by using a hard nonlinearity. A simple logic loop adds a significantly stiffer spring to the system whenever the system exceeds its travel. This stiffer spring is representative of bump stops. The spring constant of the bump stop was determined by trial and error until two conditions were met. First, the simulation had to return very little overshoot of the edge of travel, indicative of a hard bump stop. Second, the accelerations imparted to the body had to be in a reasonable range actually experienced on the real vehicle.
COURSE DEFINITION
The terrain profile used in this simulation was provided by TACOM (Tank and Armament Command). Measurements were taken from an actual military test course and placed in a tabular format. A vertical displacement was recorded approximately every 15 cm (horizontal). The total course length is 160 m. Fig. 2 displays the given data.
In order to better evaluate performance over rougher terrains, one of the simulation inputs will be "Percent of Travel." This will scale the maximum peak-to-peak TACOM portion of the terrain to a percentage of the HMMWV suspension travel.
The simulation test course will use a scaled TACOM terrain ( Fig. 2 ) with superimposed hills of varying lengths. An example test course can be seen in Fig. 3 .
This test course has a length of 160 m, a maximum hill grade of 5%, and a percent of travel of 75% (i.e. the maximum peak-to-peak TACOM terrain bump is 75% of the suspension travel of the HMMWV). The uneven line represents the superposition of the TACOM terrain and the hill while the smooth line only shows the sinusoidal hill.
FUZZY LOGIC CONTROLLER
As with any practical control system, the fuzzy logic controller for an active suspension system must be based on inputs that are actually measurable in a nonlaboratory environment. The inputs readily available on the HMMWV are shown in table 2. 
A skyhook damper controller strives to drive the body velocity to zero. This simple controller has fundamental problems. To maintain good performance over flat rough terrain (e.g. the TACOM terrain), the gain must be high. ; however if the gain is too high, the vehicle will not be able to track hills. A low gain is necessary, therefore, to follow hills correctly. Unfortunately this low gain gives a lackluster performance over flat rough terrain. These are conflicting goals. With this conclusion there are two forms of fuzzy logic controllers available:
• Fuzzy Logic controller that emulates the Skyhook Damper (low gain)
• Fuzzy Logic controller that tracks a filtered average terrain velocity (high gain)
Inherent in both of these controllers is the primary control from absolute body velocity. The second controller, however, follows a filtered wheel velocity that picks up low frequency velocities such as hills. Because the filtered hill velocities have been removed, a higher gain is possible. Development of the filtered terrain velocity will be discussed after the development of the fuzzy logic controller.
Three inputs are necessary to maintain good ride quality and avoid bump stops. They are vertical body velocity, suspension displacement (i.e. the relative displacement between sprung and unsprung mass, referred to as delta), and suspension velocity (deltadot). Delta and deltadot give an indication of the possibility of a bump stop collision occurring. As stated previously, body velocity can be used to control ride quality.
Fuzzy membership functions must be defined for all inputs and outputs to the system. The three inputs will use the same membership function development. The range of discourse for each input will be divided into nine equally spaced triangular membership functions. This can be seen as Fig. 4 .
The horizontal axis is the input variable for Fig. 4 . This axis is scaled to the maximum range for each input. The functions are specified as:
The "P" and "N" prefixes define the values as positive or negative, respectively. Any given value can be classified into two membership functions. For example, a velocity value between 0% and 25% of maximum range is both a zero (Z) velocity and a positive tiny (PT) velocity. As the value moves closer to 25%, it becomes "more" positive tiny and "less" zero. Note that each membership function overlaps by 50% with its adjacent membership functions. Therefore, each input is always classified into two different fuzzy levels
Ranges for the suspension inputs are easily determined. Delta is fixed by the suspension geometry to be +/-0.14 meters. Deltadot values of 4 m/s occur at high velocities over harsh terrains. Maximum deltadot is +/-4 m/s. However, body velocity range depends upon the gain of the skyhook controller to be emulated and the maximum actuator force. The maximum actuator force is given from its design to be 11,100 N (2,500 lb). Emulating a skyhook controller (eq. 3) with a fuzzy logic controller requires a gain to be calculated. For the purposes of this study, skyhook gains between 2,500 and 3,500 N-s/m were used. The equivalent gain from the fuzzy logic controller can be calculated quite easily. Eq. 4 shows the form of this gain: To emulate the current low gain skyhook damper controller, for the low gain fuzzy logic controller, a velocity range must be picked to give an equivalent gain. Velocity range values were calculated based upon the range of skyhook gains tested. A lower velocity range improves performance over rough flat ground but degrades ride quality on rough hills.
The output (actuator force) membership function development is similar to the input but it has eleven functions instead of nine. The output membership functions are shown in Fig. 5 . More functions were given to the force variable to enable it to have an "Over-force" when the suspension was in greatest danger of hitting the bump stops. A greater number of output functions were necessary for precision.
To have the capability to map outputs to the large number of input combinations, more levels of output are required than levels of input. eq. 4 must be changed due to the greater number of output functions than input functions. Eq. 5 gives the final fuzzy controller gain with the bump stop avoidance rules. Development of the fuzzy rules base proceeded after the membership functions were set for the inputs and outputs. The fuzzy rules base was built in three stages. First a fuzzy controller that only emulated a skyhook damper was developed. This controller only requires the body velocity as an input. Then the delta suspension input was added to create a fuzzy controller that emulated a skyhook damper through the mid range of travel and avoided bump stops on the edges of travel. Finally, deltadot was added to give a better approximation of impending bump stop collisions.
The simplest form of the fuzzy logic controller with only the body velocity input, no filter or bump stop avoidance, can be seen in Table 3 .
A fuzzy logic controller of this form emulates a skyhook damper controller. This fuzzy logic controller has only nine rules. An example rule is shown as eq. 6.
IF Velocity is NM

THEN Force is PM (6)
Adding delta as in input allows the development of a fuzzy controller with integrated bump stop avoidance. The rules base for this controller is shown as Table 4 . , or 729 rules. Table 5 is a "slice" from the three dimensional matrix containing the rules base. Deltadot is "Positive Medium" for this whole matrix. Delta varies
An example fuzzy rule:
IF Velocity is NM AND Delta is NS AND Deltadot is PM (8)
THEN Force is PM
The middle range of suspension travel, Delta, uses the standard skyhook controller method (i.e. force output is proportional to velocity input). However as the edges of travel are reached the rules move away from "ride quality" mode into "bump stop avoidance" mode. This is a gradual smooth transition from one operating mode to another so there are no massive changes in the actuator force profile. The "Over-force" mentioned above can be seen in the bottom right and top left corners of table 5 (i.e. PH and NH forces). This force is 25% larger than the maximum force used near the center of travel. The thought here is that when a large negative force is required and the suspension is near the positive edge of travel, apply an even larger force to not only move away from the bump stop but also effectively apply a higher gain to the system and possibly improve ride quality. Due to the 50% overlapping technique used to develop the fuzzy membership functions, exactly eight rules will be active at any given time. Therefore eight inputs are combined to form each force calculation. Evaluating all 729 rules during every control loop would be pointless since only eight rules will be active. Taking advantage of this fact allowed the fuzzy controller to "know" which rules were active as soon as the inputs were classified into their respective membership functions. This significantly reduced controller calculation time by only evaluating the active rules.
Fuzzy logic controller calculation is performed using a center-of-mass approach.
TERRAIN FILTER
A simple answer to the problem of hill velocities is to subtract the average velocity of the hill from the control velocity (i.e. the body velocity) to establish an offset value. The standard skyhook damper controller from eq. 3 would then take on the form shown in eq. 9.
( )
With this controller configuration, the gain could be set higher and solely deal with the true issue of bumps.
A passive filter using the inputs already available will be the ideal method of capturing average velocities without using active recognition technology, such as look-ahead video and long-term memory. Since there is not a "vertical terrain velocity meter," the equivalent of one must be derived from the available information. Each wheel is mounted with an accelerometer that can be integrated to obtain absolute instantaneous wheel velocities. For a sufficiently stiff wheel, the wheel velocity is essentially the vertical terrain velocity. Therefore, the wheel velocity captures the necessary information (high frequency bump velocities superimposed over low frequency hill velocities).
The following terrain and conditions were used for the filter design, which were the harshest simulation conditions. The vehicle speed was set to 65 kph (40 mph), which is very high for rough terrain travel. A sinusoidal hill with a total length of 40 m and a maximum grade of 15% was used as the input. This defines the peak of the hill to be a height of 1.91 m. The TACOM terrain was superimposed upon the hill with its maximum peak-to-peak dimension equal to the HMMWV suspension travel of 11 in. Each filter was run twice, once with the 40 m hill and once without the hill. Thus a comparison could be made on how well the filter approximated flat rough ground. Ideally the terrain filter should return a value of zero for flat rough ground.
A figure of merit (FOM) was required to judge each of the filters. Eq. 10 shows the form of the FOM.
This FOM measures the root-mean-square difference between the filter velocity and the input hill velocity. A value of zero would indicate the hill was followed perfectly by the filter.
Several basic filters were examined in the search for the ideal filter. They are:
• First order low pass • First order high pass • Second order low pass • Fourth order low pass
In order to follow the hill velocity relatively closely, a first order low pass filter tends to pick up too much of the bump velocities also. Therefore this filter was rejected.
For a first order high pass filter, information is taken from the signal only above the break frequency for a highpass filter. Since the bumps are a higher frequency than the hill, this filter only picks up their velocities. Subtracting this filtered signal from the original should (theoretically) leave only the low frequency information, which is the hill; The filtered signal tends to be slightly out of phase with the original signal, however, so the result still seems to contain both high and low frequency information. Therefore this filter was rejected.
Another method with a high-pass filter actually uses two first order high-pass filters. The first has a very low break frequency in order to pick up the entire signal. The second has a higher break frequency to pick up only the bump velocities in the same manner as the previous filter idea. Subtracting the higher break frequency filter from the lower break frequency filter should yield only the low frequency information. This plan may eliminate the phase problem associated with the previous high-pass filter. The same problem persisted, however, so this filter was also discarded.
With a second order low pass filter a second input becomes available, Zeta, the damping coefficient. Zeta ranged from 0.1 to 1 and w n ranged from 0.3 to 3.3 Hz. After comparing tests on a bumpy hill and bumpy flat ground, it became apparent that a tradeoff was necessary. If the hill were tracked closely, the flat ground would not be tracked closely. Inversely, if the ground were tracked well then the hill would not be followed. After bracketing the range of viable solutions through numerous simulations, a damping ratio of 0.334 and a natural frequency of 0.96 Hz at 65 kph (40 mph) were chosen because they minimized the trade off problem. These values returned reasonable results for tracking hills but non-ideal results for flat ground.
In an effort to improve on the second order low-pass filter given above, an additional second order low-pass filter was introduced to filter the average signal from the first filter. This produced a fourth order low-pass filter. Using the same methodology for the second order filter, another Zeta and w n were examined while keeping damping ratio and natural frequency constant of the first filter. Performance for flat ground quickly improved, but hill performance degraded. To achieve better ground performance, some of the hill performance would have to be sacrificed. After several attempts to bracket a reasonable solution, the fourth order filter was abandoned. The gain in performance on flat ground was trivial compared to the large losses on hills. Table 6 summarizes the results of the terrain filter tests. The final filter design was chosen to be the second order low-pass filter with a damping ratio of 0.334 and a natural frequency of 0.96 Hz at 65 kph (40 mph). Trial simulations with the quarter-car model using the modified skyhook damper controller shown in eq. 10 and a high gain of 10,000 returned encouraging results.
It should be noted that the natural frequency in this filter is dependent on vehicle horizontal speed. For a velocity of 65 kph (40 mph) the frequency is 0.96 Hz, but for a velocity of 32 kph (20 mph) the frequency should be 0.48 Hz. eq. 11 gives the linear relationship between vehicle velocity and natural frequency.
Speed
Frequency ⋅ = 0386 . 0 (11) where speed is in kilometers per hour.
SIMULATION RESULTS
Numerical simulations were performed using MatLab with the quarter-car model and terrain inputs described previously. A vehicle speed of 65 kph (40 mph) and the TACOM terrain with 14 cm (5.5 in.) peak-to-peak amplitude were inputs.
Tests were run with superimposed hills and without. The hill was 160 m long and had a maximum grade of 10%. The current skyhook damper controller was compared to the two fuzzy controllers. The standard fuzzy controller had a gain identical to the skyhook controller (i.e. a low gain, < 3,500 N-s/m) while the fuzzy controller with terrain offset used a gain of 10,000 N-s/m.
Average absorbed power, calculated on the body, was used to measure ride quality [14] . Absorbed power is a method used to translate vertical body accelerations into a comfort index (i.e. the higher the absorbed power, the more uncomfortable the ride).
The first simulation is for a terrain without a hill (Fig. 6) . The fuzzy-offset controller is the top line. The fuzzy controller is the middle line. The skyhook controller is the bottom line. In terms of ride quality, the skyhook controller performed the best but all three controllers performed very well. Table 7 gives overall values for the simulation without a hill. Note that both fuzzy controllers used more force and power than the skyhook controller. This is due to the fuzzy rules dealing with bump stop avoidance. Instantaneous power was calculated mechanically by multiplying actuator force by suspension velocity. A small resistive loss term was added to represent losses in the motor. This method is also used in the experimental tests.
The next simulation is identical in all aspects except a long hill is added. Fig. 7 displays the average absorbed power from the simulation.
The skyhook controller is the top line. The Fuzzy-Offset controller is the middle line. The Fuzzy controller is the bottom line. Although the fuzzy controller seems to perform the best, actually the fuzzy-offset controller only struck one bump in the middle of the track causing the spike seen in Fig. 7 . The skyhook controller performed poorly and collided with bump stops repeatedly. Table 8 gives overall values for the simulation. Note that the fuzzy controllers perform better in almost every way over the skyhook controller on hilly terrain. The differences between force and power on the fuzzy controllers is due to the terrain offset and higher gain on the offset fuzzy controller.
EXPERIMENTAL RESULTS
Experimental tests were conducted on the quarter-car test rig at UT-CEM. The test rig was equipped with a HMMWV tire and suspension along with the same actuator used on the full vehicle. Terrain input into the system was achieved with a hydraulic piston. The piston was programmed to excite the system with the TACOM terrain profile (Fig. 2) at a vehicle speed of 65 kph (40 mph). The peak-to-peak amplitude of the terrain was scaled to 11.2 cm (4.4 in.).
The skyhook controller was compared to the standard fuzzy controller on flat rough ground. Hills are not possible with the current test rig due to the piston stroke length. The fuzzy controller with offset terrain velocity was not tested. It was not possible to test this controller because the velocities obtained from the accelerometers are not "true" velocities. They do not capture the complete spectrum of velocities (i.e. high and low frequency velocities). The Fuzzy controller is the top line while the skyhook controller is the bottom line.
The fuzzy controller performed poorly during the experimental test. The overall experimental results are given in Table 9 . Ride quality is significantly worse in the fuzzy controlled test. This rough ride was evident during the experiment, as the test rig would jump at times. This rough motion was accompanied by a squealing noise from the actuator. In an effort to explain the poor performance, the commanded force profile was examined. Fig. 9 displays the force profile during one of the rough test segments.
The harsh profile is in the middle of Fig. 9 . Note the rapid change from a smooth negative force at a time of 3.37 s to a positive oscillating force an instant later. This rough force occurs due to the fuzzy rules base setup. As the rules move from a "Good ride quality" mode to a "Bump stop avoidance" mode, it is possible in some places to create large zero crossing forces. This is the rough force seen in Fig. 9 .
One simple explanation for this problem is that the fuzzy rules for this controller are too aggressive in dealing with the bump stop avoidance problem. Reexamining the rules base with the purpose of toning down the bump stop avoidance rules would alleviate this harsh force profile.
COMPARISON
Differences between the simulation tests and the experimental tests are due to simulation assumptions. The harshness seen during the experiments did not occur in the simulations because the actuator was not modeled. It was assumed to return instantaneous force and have no mass or inertia. The harsh force profile seen in Fig. 9 occurred during simulations but they were treated as short impulses that did not degrade system performance dramatically.
In terms of bump stop avoidance, the fuzzy controllers always remained farther away from the suspension limits than the skyhook damper controller. More power and force was always required of the standard fuzzy controller because of this action. 
CONCLUSION AND FUTURE WORK
Both fuzzy logic controllers have the capability to achieve good ride quality and bump stop avoidance simultaneously. Although the current fuzzy controller performed poorly in experimental tests, its failings are understood and can be overcome. The fuzzy controller with the offset terrain velocity works well in simulations but was unable to be experimentally tested due to an inability to capture the entire spectrum of terrain velocities.
The following six suggestions are major areas that could receive further work and development.
FUZZY RULES REFINEMENT -The fuzzy rules need to be further refined to eliminate the problems discovered from the experimental testing. The line of zero forces must be continuous through each block of fuzzy rules (i.e. each of the nine blocks in Appendix A). Currently, the rules are written to aggressively deal with bump stop problems. Tuning the rules base to deal with bump stops more "gently" might be a key issue in the refinement process.
VELOCITY MEASUREMENT -Simulation results have shown that the terrain offset fuzzy controller performs much better than the current controller. Therefore real world testing of this controller would be beneficial. The simulations assume that absolute velocity can be perfectly measured at the wheel and the body. This is not exactly possible. Typical vehicle setups use a filter to integrate an accelerometer while blocking high and/or low frequencies. Velocities returned from these filters are not truly what the vehicle is experiencing. In order to test the offset controller scheme, a better estimate of velocity must be available.
OFFSET FUZZY CONTROLLER GAIN OPTIMIZATION -A gain of 10,000 was used on the fuzzy logic offset controller. This is not an optimized parameter. The current setting was chosen as a good starting point that worked reasonable well. However, a better setting could be possible.
MORE MEMBERSHIP FUNCTIONS -Experimental testing of the standard fuzzy control indicated that the controller performs poorly when it moves into regions of its rules base, shown in Appendix A, that deal with bump stop avoidance. Coarse force command profiles were the cause of this poor performance. One possible method to solve this problem is to build a fuzzy controller with more membership functions on both the inputs and output. This would increase the precision of the controller and possibly deter the coarse force command profiles demonstrated. A new fuzzy controller should have either 11 input functions and 13 output functions or 13 input functions and 15 output functions. The downside of using more membership functions is the corresponding increase in the fuzzy rules base. The 11-function controller would contain 1,331 rules while the 13-function controller would consist of 2,197 rules. This is an increase of 83% and 201%, respectively, over the current 9-function controller. However, this would only be a memory concern and not a time of calculation concern. Only the eight active rules are evaluated each controller time step. Even though all of the rules are not evaluated each turn, they must all be kept in memory.
OVERLAPPING MEMBERSHIPS AND GAUSSIAN FUNCTIONS -Another approach is to rewrite the membership functions with more overlapping of functions. This would cause more rules to be in effect at a given time and enhancing the smoothing effect that the fuzzy controller performs. Changing from triangular membership functions to gaussian functions could also increase the smoothness of the controller output. Unfortunately this would slow process time due to the more complicated calculations necessary to deal with gaussian functions.
MODELING OF ELECTROMECHANICAL ACTUATORDue to the experimental harshness encountered while testing the fuzzy logic controller (which was not predicted in computer simulations), a better computer model should be developed. This model should focus on the dynamics of the electromechanical actuator. Adding a model of the actuator to the quarter-car system would help to predict harsh performance in the laboratory. 
APPENDIX A FUZZY RULES WITH BUMP STOP AVOIDANCE
